A spontaneous red clover necrotic mosaic virus mutant, TpM-341, was isolated by multiple passage of Czechoslovakian isolate TpM-34 in beans, followed by three cycles of single lesion isolation in cowpea and in Chenopodium quinoa. The symptoms induced in cowpea by TpM-34 and TpM-341 differed. TpM-34 gave rise to chlorotic lesions which expanded with time, often becoming confluent with adjacent lesions, and developed necrotic margins; the plants became systemically infected. TpM-341 induced necrotic lesions which, once developed, did not expand further; plants did not become systemically infected. Analysis of pseudorecombinants formed between the RNAs of TpM-34 and TpM-341 showed that RNA 2 determined the difference in symptoms. Comparison of the nucleotide sequence of the open reading frames (ORFs) encoding the P2 movement proteins of the two isolates revealed only one difference, a deletion of an A residue in a sequence of four A residues (nucleotides 790 to 793). Construction of full-length TpM-34 and TpM-341 RNA 2 cDNA clones, from which infectious RNA 2 could be transcribed in vitro, and in vitro mutagenesis of a cDNA clone of TpM-341, confirmed that the difference in the symptoms induced by TpM-341 was caused by the loss of this A residue. This single base deletion was predicted to cause a translational frameshift in the P20RF causing the loss of 88 amino acids at the C terminus which were replaced by a sequence of 34 different amino acids, producing a truncated P2 protein. In vitro translation ofRNA 2 transcribed from cDNA clones showed that RNA with four or three A residues starting at nucleotide 790 produced proteins of Mr 36K and 30K respectively, in agreement with the predictions based on the nucleotide sequence.
Introduction
Red clover necrotic mosaic dianthovirus (RCNMV) has a genome consisting of two positive-sense ssRNA components, RNA 1 (4-0 kb) and RNA 2 (1-4 kb) (Gould et al., 1981) . Sequence analysis of RNA 1 indicates that it encodes an RNA-dependent RNA polymerase and the coat protein (Xiong & Lommel, 1989) , which is consistent with the ability of RNA 1 to replicate and produce virus particles in protoplasts in the absence of RNA 2 (Osman & Buck, 1987; Paje-Manalo & Lommel, 1989) . Both RNA 1 and RNA 2 are required for the production of visible lesions on inoculated leaves and systematic infection of plants (Gould et al., 1981 ; Okuno et al., 1983; Osman et al., 1986) . This indicates that the single protein, P2 of Mr 35K to 36K, encoded by RNA 2 (Lommel et al., 1988; Osman et al., 1991) is required for cell-to-cell movement of the virus.
The properties of pseudorecombinants formed between different isolates or spontaneous mutants of RCNMV (Osman & Buck., 1987 Rao & Hiruki, 1987) , or between RCNMV and other dianthoviruses (Okuno et al., 1983) , indicate that both RNA 1 and RNA 2 contribute to the symptoms induced by the virus in host plants. However the role of individual genes, or sequence domains, in symptom induction has not been determined. We report the isolation and properties of a spontaneous mutant of RCNMV, and show that the alterations in the symptoms induced, compared to those induced by the progenitor, are caused by a single base deletion in RNA 2, resulting in the production of a truncated movement protein.
Methods
Virus and virus RNA. Methods for the inoculation of cowpea (Vigna unguiculata California Blackeye No. 5), bean (Phaseolus vulgaris cv. The Prince) and Chenopodium quinoa, single lesion isolation, virus propagation in bean, isolation and purification of virus particles, isolation of RNA, immunodiffusion analysis, SDS-PAGE, agarose gel electrophoresis of RNA and DNA, separation of RNA species, sequence analysis using RNA or DNA templates, and dot hybridization were as described previously (Osman & Buck, 1987 Osman et al., 1986 Osman et al., , 1991 .
Virus passage. Primary leaves of bean plants were inoculated with a purified preparation of virus isolate TpM-34. Sap was obtained from the infected, inoculated leaves 5 days later and stored at -20 °C. After
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a further 9 days, this sap was used to inoculate the primary leaves of another batch of bean plants. This 14 day cycle of inoculation, collection of sap from infected, inoculated leaves, storage of sap and reinoculation of further bean plants was carried out for a period of 20 weeks.
Cloning. General procedures were as in Sambrook et al. (1989) , unless stated otherwise.
Construction of full-length cDNA clones of RNA 2. This was carried out essentially as described by Hayes & Buck (1990) , except that isolation of first-strand cDNA prior to amplification by the polymerase chain reaction (PCR) was not required.
In vitro techniques. In vitro transcription was as described by Hayes & Buck (1990) ; in vitro translation was carried out essentially as described by Hayes et al. (1988) ; in vitro mutagenesis was as described by Kunkel et al. (1987) .
Results
Isolation and characterization.of a spontaneous RCNMV mutant
Czechoslovakian RCNMV isolate TpM-34 (Musil, 1969) has been shown to induce chlorotic local lesions on inoculated leaves of cowpea plants. The lesions expand with time, develop red-brown necrotic margins and often become confluent with adjacent lesions (Hollings & Stone, 1977; Osman et al., 1986) . The plants become systemically infected; the amount of virus in systemically infected leaves reaches a maximum about 15 days after inoculation and gradually declines thereafter.
Isolate TpM-34 was passaged in bean every 2 weeks for a period of 20 weeks. Inoculation of leaves of cowpea plants with the passaged virus resulted in lesions of two types. Lesions of the first type were similar to those induced by TpM-34; lesions of the second type were reddish brown and necrotic, reaching a diameter of about 2 to 3 mm 5 days after inoculation, after which no further expansion took place.
The formation of two types of lesion on inoculated cowpea leaves suggested that passaging the virus in bean may have resulted in the accumulation of a spontaneous mutant of TpM-34. Some evidence that a mutation may have arisen in RNA 2 came from sequence analysis of a library of eDNA clones of RNA 2 of the passaged virus, in which heterogeneity was observed in the sequence around nucleotide 790 of isolate TpM-34 RNA 2 (Osman et al., 1991) . Of five clones spanning this region, two contained the sequence CAGTGTTGGGAAAAGC-CAAAGA, whereas the three other clones contained the sequence CAGTGTTGGGAAAGCCAAAGA.
The first of these corresponds to the sequence of nucleotides 780 to 800 inclusive of RNA 2 of isolate TpM-34 (Osman et al., 1991) , suggesting that a single A residue in RNA 2 may have been deleted.
To isolate the mutant, virus from a non-expanding lesion on an infected cowpea leaf was subjected to three cycles of single lesion isolation in cowpea, followed by three cycles of single lesion isolation in C. quinoa. The final isolate was propagated once in inoculated leaves of bean plants to obtain a virus stock. Cowpea leaves inoculated with this virus developed only necrotic lesions of the non-expanding type; furthermore, no systemic infection could be detected by dot hybridization of RNA, taken from non-inoculated leaves 15 days after inoculation, with 32p-labelled eDNA prepared from total viral RNA. Nucleotide sequence analysis of RNA isolated from virus particles by primer extension revealed the sequence CAGUGUUGGGAAAGCCAAAGA. These results confirmed that the lesions of the nonexpanding type were caused by a spontaneous mutant of TpM-34, with a deletion of an A residue within the region of nucleotides 790 to 793 of RNA 2. The infectivity of this mutant, designated TpM-341, did not diminish significantly over a period of 2 years, when stored at -70 °C in sap from infected bean leaves.
Pseudorecombinant analysis was used to determine which RNA species determined the difference in symptoms. The RNA species of TpM-34 and TpM-341 were separated by two cycles of electrophoresis in agarose gels. The homogeneity of each RNA was confirmed by gel electrophoresis and by the absence of lesions when inoculated onto leaves of cowpea plants. When leaves were inoculated with TpM-34 RNA 1 and TpM-341 RNA 2, or TpM-341 RNA 1 and TpM-34 RNA 2, numerous lesions were formed, indicating that the two isolates were bilaterally compatible. The appearance of the lesions induced by the pseudorecombinants and the ability of the pseudorecombinants to induce a systemic infection in cowpea were the same as those of the parental isolate providing RNA 2. These results proved that the difference in symptoms induced in cowpea by TpM-34 and TpM-341 results from a mutation in RNA 2. However, to prove that the deletion of the A residue caused this difference, in vitro mutagenesis was performed. This required the production of full-length cDNA clones of RNA 2 from which infectious RNA (in conjunction with RNA 1) could be transcribed in vitro.
Construction of full-length RNA 2 eDNA clones
Full-length cDNA clones of TpM-34 and TpM-341 RNA 2 were obtained by synthesizing first-strand eDNA with reverse transcriptase, followed by conversion to dsDNA and amplification by PCR using Taq DNA polymerase. The first-strand primer for all reactions (R1) ( of TpM-34 RNA 2. Two different second-strand primers (F1 and F2) ( Fig. 1) were employed in different reactions; each primer contained a HindlII site, a T7 promoter sequence and 20 nucleotides corresponding to the 5' end of TpM-34 RNA 2. F2 differed from F1 in containing an additional G residue immediately upstream of the sequence corresponding to the 5' end of RNA 2, and in three nucleotides upstream of the T7 promoter. Gel electrophoretic analysis of the products of PCR reactions carried out using either TpM-34 or TpM-341 RNA, and either of the second-strand primers, revealed a major band of about 1-4 kb in each case. This band was isolated, cleaved with HindlII and PstI, and cloned into the corresponding sites of pUC19. Full-length cDNA clones of TpM-34 and TpM-341 RNA 2 were identified by restriction endonuclease analysis and six of each type were selected for further analysis, cDNA clones of TpM-34 RNA 2 produced using the second-strand primers F1 or F2 were designated pTM34-201 to pTM34-206, and pTM34-210 to pTM34-215, respectively; similarly, cDNA clones of TpM-341 RNA 2 were designated pTM341-201 to pTM341-206, and pTM341-210 to pTM341-215.
Nucleotide sequence analysis verified that the sequence of the T7 promoter and of the 5' and 3' termini of RNA 2 (Fig. 1) were faithfully preserved in all these clones. Furthermore, analysis of the sequence in the region of nucleotide 790 of RNA 2 showed that all the pTM34-210 pTM341-210 pTM34R-210 pTM34 clones had the sequence CAGTGTTGG-GAAAAGCCAAAGA, whereas all the pTM341 clones had the sequence C A G T G T T G G G A A A G C C -AAAGA, i.e. the sequence of RNA 2 of TpM-34 and TpM-341 in this region had been preserved. Examples are shown in Fig. 2 .
Two additional G residues immediately upsteam of the sequence corresponding to the 5' end of RNA 2 were introduced into pTM34-215 by in vitro mutagenesis, directed by oligonucleotide ACTCACTATAG-GAAACCTCGAT. A clone containing the additional G residues was identified by nucleotide sequence analysis and designated pTM34-220 (Fig. 1) .
In vitro transcription of RNA 2 cDNA clones
All cDNA clones were linearized by cleavage with PstI prior to in vitro transcription with T7 RNA polymerase. No transcripts could be detected using any of the clones pTM34-201 to pTM34-206, or pTM341-201 to pTM341-206. These clones were designed so that transcription was initiated precisely at the 5' terminus of RNA 2 (an A residue) (Fig. 1) , because additional residues have been found to decrease the infectivity of viral RNAs (Janda et al., 1987; Eggen et al., 1989; Hayes & Buck, 1990) . Optimal transcription from the T7 promoter requires sequences downstream as well as upstream of the transcription initiation site. The consensus initiation sequence for T7 RNA polymerase is G G G A G A , the first G residue of which is the transcription initiation site (Dunn & Studier, 1983) . Failure to synthesize transcripts has also been reported with clones of cowpea mosaic virus RNA designed so that transcription is initiated by T7 RNA polymerase at the 5' A residue (Vos et al., 1988) . Incubation of PstI-cleaved pTM34-210 to -215, pTM341-210 to -215 or pTM34-220 with T7 RNA polymerase and all four ribonucleoside triphosphates resulted in the synthesis of RNA transcripts with the same electrophoretic mobility as R N A 2 from TpM-34 virus particles (Fig. 3) . When transcription was carried out in the presence or absence of the capped nucleotide 7MeGpppG, yields were approximately 2 ~tg and 6 ~g of RNA/~tg DNA template, respectively. For some viruses, improvements in yield have been achieved by incorporating additional G residues, so that the sequence at the transcription initiation site more closely resembles the T7 RNA polymerase consensus sequence (Janda et al., 1987; Hayes & Buck, 1990 ). However, yields from pTM34-220, which has two G residues at the transcription initiation site, were not significantly greater than those from pTM34-210 to -215 and pTM341-210 to -215, which have only one G residue at this position (Fig. 1) .
Injection of plants using transcripts synthesized in vitro
The infectivity of transcripts synthesized in vitro from RNA 2 cDNA clones was tested after mixing them with RNA 1 which had been isolated from purified virus particles and separated from RNA 2 by gel electrophoresis. As the purity of RNA 1 for this purpose is critical, only preparations of RNA 1 that gave a single band in agarose gel electrophoresis and failed to induce lesion formation on cowpea leaves were employed. Furthermore, all experiments were duplicated using either TpM-34 or TpM-341 RNA 1. Identical results were obtained whichever source of RNA 1 was used in the inoculum, confirming both the purity of the RNA 1 and that the infection phenotypes are determined by RNA 2.
Inoculation of cowpea plant leaves with transcripts of pTM34-210, pTM34-211, pTM34-212, pTM34-213, pTM34-214 or pTM34-215 together with RNA 1 (TpM-34 or TpM-341) gave rise to expanding lesions of the same type as those induced by TpM-34 virus or RNA. The number of lesions formed was about 50~o of that induced by the same amount of TpM-34 viral RNA, which could have been due to incomplete capping of the transcripts or the presence of a non-viral G residue at the 5' end of the transcripts (Fig. 1) . When cowpea leaves were inoculated with transcripts of pTM34-220, which have two additional 5' G residues (Fig. 1) , together with RNA 1 (TpM-34 or TpM-341), only 15~ of the number of lesions formed by the same amount of TpM-34 viral RNA were formed; all these lesions were of the TpM-34 type.
Inoculation of leaves of cowpea plants with transcripts of pTM341-210, pTM341-211, pTM341-212, pTM341-213, pTM341-214 or pTM341-215, and R N A 1 (TpM-34 or TpM341), gave rise to necrotic, non-expanding lesions of the same type as those induced by TpM-341 virus or RNA. Again the number of lesions formed was only about 50~ that induced by the same amount of TpM-341 RNA.
The progeny of infections using cDNA transcripts were shown to be stable after one further passage in cowpea, followed by one cycle of propagation in bean. Inoculation of cowpea plants with sap from cowpea plants infected using transcripts of pTM34-210 (and RNA 1) resulted in lesions of the TpM-34 type (Fig. 4) ; dot hybridization of non-inoculated leaves 15 days after inoculation (Fig. 5 ) indicated that the infection had become systemic. In contrast, inoculation of cowpea plants with sap from cowpea plants infected with transcripts of pTM341-210 (and R N A 1) resulted in lesions typical of TpM-341 (Fig. 4) , and the infection did not become systemic (Fig. 5) .
Virus particles isolated from bean plants were designated 34(t) or 341(t), depending on whether they had 1, 3, 4, , or with TpM-341 virus particles (2).
arisen from infections with transcripts from pTM34-210 or pTM341-210 respectively. 34(t) and 341(t) virus particles were indistinguishable in double-diffusion immunological tests using an antiserum prepared against TpM-34 virus particles (Osman & Buck, 1987) . Furthermore, analysis of virus coat protein by SDS-PAGE revealed a band with an Mr of approximately 40K for both viruses, and analysis of virus R N A by agarose gel electrophoresis revealed bands corresponding in size to RNA 1 (4-0 kb) and RNA 2 (1.4 kb) in both cases (data not shown). Analysis of the sequence in the region of nucleotide 790 of RNA 2 by primer extension showed that 34(t) RNA had the sequence C A G U G U U G G -G A A A A G C C A A A G A , whereas 341(0 RNA had
When cowpea plants were inoculated with 34(t) or 341 (t) virus, lesions typical of TpM-34 or TpM-341 were produced.
Overall these results show that the transcripts of the cDNA clones of RNA 2 of TpM-34 and TpM-341 are infectious (in conjunction with RNA 1), that the symptoms induced faithfully reproduce those induced by the parent isolates from which the clones were produced and that the progeny viruses remain stable.
The difference in symptoms induced by TpM-341 is caused by the deletion of an A residue.
An additional A residue was introduced into pTM341-210 by in vitro mutagenesis using the oligonucleotide G T G T T G G G A A A A G C C A A A G A . A clone containing this sequence, which corresponds to that of nucleotides 783 to 802 of RNA 2 of TpM-34, was identified by nucleotide sequencing and designated pTM34R-210. When cowpea plants were inoculated with in vitro transcripts of pTM34R-210 together with R N A 1 (TpM-341), expanding lesions typical of TpM-34 were produced. Infection of further cowpea plants by inoculation with sap from these plants produced similar lesions (Fig.  4) and dot hybridization analysis of RNA isolated from non-inoculated leaves 15 days after inoculation showed that the infection had become systemic (Fig. 5) . Virus particles were then isolated after one cycle of propaga-
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tion in bean and designated 34R(t) virus. 34R(t) was indistinguishable from 34(t) and 341(t) virus by immunodiffusion analysis, size of the coat protein in SDS-PAGE and size of the RNA components in agarose gel electrophoresis. Analysis of the sequence of the RNA in the region of nucleotide 790 of RNA 2 by primer extension showed that 34R(t) RNA had the sequence CAGUGUUGGGAAAAGCCAAAGA.
These results prove conclusively that the difference in the symptoms induced by TpM-341 is caused by the deletion of an A residue from the sequence AAAA at nucleotides 790 to 793 of RNA 2 of TpM-34, because reversion to the original sequence by the addition of an A residue restores the TpM-34-induced phenotype.
TpM-341 R N A 2 encodes a truncated P2 protein
TpM-34 RNA contains an open reading frame (ORF) with the potential to encode a protein (P2) of 326 amino acids (Mr 35 755). Deletion of an A residue at nucleotide 790 was predicted to alter the reading frame of this ORF so that a stop codon would be encountered after 34 outof-frame amino acids had been encoded. Nucleotide sequence analysis of TpM-341 cDNA clones has not revealed any difference in sequence between TpM-34 RNA 2 and TpM-341 RNA 2 prior to nucleotide 790, or in the region downstream of nucleotide 790 to the point where the out-of-frame stop codon occurs, i.e. there appears to be no nucleotide insertion elsewhere in the sequence to compensate for the deleted A residue. The predicted truncated protein encoded by TpM-341 would consist of 272 amino acids (Mr 30110); the first 238 amino acids (starting from the N terminus) would be identical to those of TpM-34 P2 (Osman et al., 1991) and these would be followed by a sequence of 34 amino acids (AKDCRLRCQNRKEEMATKPQSCQRRDP-LSGPVPL) unique to TpM-341 P2.
To confirm that TpM-341 encodes a truncated P2 protein, a reticulocyte lysate in vitro protein synthesis system was programmed with RNA transcripts from pTM34-210, pTM341-210 and pTM34R-210 and the products were analysed by SDS-PAGE (Fig. 6) . Transcripts from pTM34-210 and pTM34R-210 produced a protein of Mr 36K, whereas transcripts from pTM341-210 produced one of Mr 30K, which agreed well with the sizes of the P2 proteins predicted from the nucleotide sequence of each RNA. Minor proteins of lower Mr probably arose from premature termination of translation and have been found also in the in vitro translation products of transcripts of cDNA clones of RNA 2 of an Australian isolate of RCNMV (S. A. Lommel, personal communication) . A minor protein of apparent M, 47K, detected in all lanes, was also found in blanks containing no mRNA (not shown) and is caused by labelling of a protein present in the translation system by a decomposition product of [35S]methionine, as described by the manufacturer (Amersham).
Discussion
We have isolated a spontaneous RCNMV mutant, TpM-341, from isolate TpM-34 and shown that its altered lesion type and failure to induce a systemic infection in cowpea are the result of a deletion of an A residue within a sequence of four A residues at nucleotides 790 to 793 in RNA 2. This causes a translational frameshift, resulting in a truncated P2 protein.
The ability of RCNMV isolates to develop a systemic infection in cowpea may depend on the rate of cell-to-cell movement of the virus relative to the rate of development of the host hypersensitive response. A host hypersensitive response may prevent systemic infection by inducing resistance, blocking further cell-to-cell movement (Moser et al., 1988) and preventing the virus from reaching the vascular system. Evidence has recently been obtained to show that some RCNMV isolates induce a hypersensitive response, as evidenced by cell necrosis, the production of pathgenesis-related proteins of the PR1 family (van Loon, 1985) and induced resistance (S. J. Miller, unpublished results).
In cowpea, isolate TpM-34 induces chlorotic lesions which expand with time and develop necrotic margins. Cell-to-cell spread of the isolate may occur relatively rapidly and the host necrotic response may occur too late to prevent the establishment of a systemic infection. In contrast the lesions induced by TpM-341 are completely necrotic and, once formed, do not expand further. It is possible that the truncated TpM-341 P2 protein functions less efficiently in cell-to-cell movement, allowing the host necrotic response to develop before a systemic infection can be established.
Alternatively it is possible that the truncated P2 protein functions normally in cell-to-cell movement, but is also involved in determining the hypersensitive response of the host. This could be either a positive effect, in which the truncated protein induces a more rapid host response than the wild-type protein, or a negative effect, as suggested by Atabekov & Dorokhov (1984) , in which it is less efficient in suppressing the host response than the wild-type P2 protein.
The amino acid sequences of the P2 proteins of TpM-34 and TpM-341 are identical for the first 238 amino acids, but the C-terminal 88 and 34 amino acids respectively are unique; therefore the altered symptoms induced by TpM-341 in cowpea could be caused by the absence of the 88 C-terminal amino acids of TpM-34 or the presence of its own unique 34 C-terminal amino acids. Further work will be needed to determine which of these two possibilities is correct. However it is noteworthy that the 34 C-terminal amino acids of TpM-341 P2 include three cysteine residues, compared to only four in the whole of the rest of the protein and none in the 88 C-terminal amino acids of TpM-34 P2. Bearing in mind the potential of cysteine residues to form disulphide bridges, it is conceivable that this sequence may have an effect on the structure of the remainder of the protein.
Although alterations in the sequence of the C-terminal regions of the P2 proteins may modulate the symptoms induced, the C-terminal 88 amino acids of the P2 protein of TpM-34 are probably not an absolute requirement for the cell-to-cell movement function of this protein.
Generally, if cell-to-cell movement of the virus cannot occur and virus replication is restricted to the cells initially infected on an inoculated leaf, overall yields of virus are very low (Ponz & Bruening, 1986) . However, yields of virus in bean leaves inoculated with either TpM-34 or TpM-341 were similar. Even in cowpea, in which TpM-341 induces necrotic lesions, it is likely that some cell-to-cell movement occurs. In a hypersensitive response, the virus is localized to cells within and immediately surrounding the necrotic tissue, but is prevented from moving only after several hundred ceils have become infected (Fraser, 1987) . It has been suggested previously, on the basis of the relatively poor conservation of amino acid sequence in the C-terminal regions of the P2 proteins of TpM-34 and Aus (an Australian isolate of RCNMV), that the C-terminal sequence may not be critical for the cell-to-cell movement function of P2 (Osman et al., 1991) . This is borne out by the present results and it is noteworthy that the position where the sequences of P2 of TpM-34 and Aus diverge (after amino acid 236) is close to the position where the sequences of P2 of TpM-34 and TpM-341 diverge (after amino acid 238), i.e. the mutation in TpM-341 occurs in a non-essential region of P2.
